Abstract. The sudden infant death syndrome (SIDS) is postulated to result from a failure of homeostatic responses to lifethreatening challenges (e.g. asphyxia, hypercapnia) during sleep. The ventral medulla participates in sleep-related homeostatic responses, including chemoreception, arousal, airway reflex control, thermoregulation, respiratory drive, and blood pressure regulation, in part via serotonin and its receptors. The ventral medulla in humans contains the arcuate nucleus, in which we have shown isolated defects in muscarinic and kainate receptor binding in SIDS victims. We also have demonstrated that the arcuate nucleus is anatomically linked to the nucleus raphé obscurus, a medullary region with serotonergic neurons. We tested the hypothesis that serotonergic receptor binding is decreased in both the arcuate nucleus and nucleus raphé obscurus in SIDS victims. Using quantitative autoradiography, 3 H-lysergic acid diethylamide ( 3 H-LSD binding) to serotonergic receptors (5-HT 1A-D and 5-HT 2 subtypes) was measured blinded in 19 brainstem nuclei. Cases were classified as SIDS (n ϭ 52), acute controls (infants who died suddenly and in whom a complete autopsy established a cause of death) (n ϭ 15), or chronic cases with oxygenation disorders (n ϭ 17). Serotonergic binding was significantly lowered in the SIDS victims compared with controls in the arcuate nucleus (SIDS, 6 Ϯ 1 fmol/mg tissue; acutes, 19 Ϯ 1; and chronics, 16 Ϯ 1; p ϭ 0.0001) and n. raphé obscurus (SIDS, 28 Ϯ 3 fmol/mg tissue; acutes, 66 Ϯ 6; and chronics, 59 Ϯ 1; p ϭ 0.0001). Binding, however, was also significantly lower (p Ͻ 0.05) in 4 other regions that are integral parts of the medullary raphé/serotonergic system, and/or are derived, like the arcuate nucleus and nucleus raphé obscurus, from the same embryonic anlage (rhombic lip). These data suggest that a larger neuronal network than the arcuate nucleus alone is involved in the pathogenesis of SIDS, that is, a network composed of inter-related serotonergic nuclei of the ventral medulla that are involved in homeostatic mechanisms, and/or are derived from a common embryonic anlage.
INTRODUCTION
Despite a dramatic 38% fall in the incidence of the sudden infant death syndrome (SIDS) in the United States following the 1994 national recommendation for the supine sleeping position, SIDS remains the leading cause of postneonatal infant mortality. Its overall incidence is 0.8/1000 live births. Thus, SIDS remains a major public health problem, mandating further research. The mechanism(s) that underlies the increased risk for SIDS from the prone sleeping position is unknown, but may involve rebreathing of expired gases; upper airway obstruction; impaired arousal thresholds in the prone position that hamper efforts to turn the head; compromised upper airway reflexes; hyperthermia due to heat trapping in the face-down position; or altered sensory/vestibular influences on blood pressure (1)-all are mechanisms that potentially involve the brainstem. We propose that SIDS, or a subset of SIDS, is due to developmental abnormalities of the ventral medulla of the brainstem that interfere with normal protective responses to hypoxia, hypercapnia, reflex apnea, and/or hypotension during sleep (2, 3) .
The ventral medulla in animals is composed of neuronal populations along the ventral, ventromedial, and ventrolateral rim of the medulla (e.g. caudal raphé complex, retrotrapezoid nucleus (n.), n. paragigantocellularis lateralis, rostral pressor region [C1 region], parapyramidal neurons [homologous to the human n. conterminalis], and caudal and rostral chemoreceptor zones) that are involved in chemoreception, arousal, airway reflexes, thermoregulation, respiratory drive, and blood pressure responses. In support of our hypothesis, we found isolated deficits in the same set of SIDS victims in muscarinic cholinergic (3) and kainate (4) receptor binding in the arcuate nucleus, a neuronal population along the ventral medullary surface of the human brainstem that is cytologically homologous in part to the respiratory chemosensitive zones of the cat (5) . Arcuate nucleus hypoplasia in some SIDS victims has also been reported (2, 6) . Placement of DiI crystal in the human arcuate nucleus in midgestational fetuses labels cell bodies and fibers in the n. raphé obscurus, a component of the caudal raphé complex involved in autonomic and respiratory control and chemosensitivity, suggesting that the arcuate nucleus is functionally linked to the caudal raphé complex (7) . In the blinded study reported here of serotonergic receptor binding in the brainstem of SIDS victims compared with postconceptional age-matched controls, we tested the 2-fold hypothesis that in SIDS victims 1) serotonergic receptor binding is lowered in the arcuate nucleus; and 2) serotonergic receptor binding is altered (increased or decreased) in the n. raphé obscurus. The study was performed in the same data set of SIDS and controls in which other neurotransmitter receptor binding analyses were performed in alternate tissue sections using quantitative autoradiography (see below).
MATERIALS AND METHODS

Clinicopathologic Database
Each case analyzed was classified as follows: 1) SIDS victim (n ϭ 52), that is, an infant under 1 y of age who died suddenly and in whom the death remains unexplained after a thorough case investigation, including performance of a complete autopsy, examination of the death scene, and review of the clinical history (8); 2) acute control (n ϭ 15), a healthy infant under 1 y of age that died suddenly and in whom a complete autopsy established the cause of death; or 3) chronic control (n ϭ 17), an infant under 1 y of age with a history of chronic or repetitive hypoxemia with underlying cardiac, pulmonary, or central breathing disorder. The chronic group with oxygenation or breathing disorders was included in the study in order to address the possibility that putative brainstem binding defects are not specific, but rather reflect an effect of hypoxia-ischemia. For the chronic group, we define a poor oxygenation disorder as documented pO 2 less than 60 Torr or oxygen saturation less than 90%. The causes of death in the acute control group were acute respiratory infection, 3; myocarditis, 2; enteritis, 1; drowning, 1; accidental asphyxia due to a plastic bag, 1; asymptomatic maple syrup urine disease and sudden death, 1; palliated congenital heart disease with acute intraoperative death, 1; asymptomatic congenital heart disease and sudden death, 2; mild psychomotor retardation, thalamic damage and sudden death, 1; noncyanotic chronic lung disease with sudden death from pneumonia, 1; and arthrogryposis multiplex congenita and sudden death, 1. The causes of death in the chronic group were congenital and/or pulmonary malformations, 10; primary breathing abnormalities, 3; severe perinatal asphyxia, 2; apnea of infancy, 1; and Werdnig-Hoffman disease with respiratory compromise, 1. For the clinical and autopsy database, characteristics of the 3 groups were compared using the Fisher exact test for categorical variables, analysis of variance for normally distributed variables, and the Kruskal-Wallis test for non-normally distributed and ordinal scale variables. When 2 groups (SIDS and acute control) were being compared, the Fisher exact test, the Student t-test, and the Wilcoxon rank sum test were used.
Tissue Receptor Autoradiography
The procedure for 3 H-LSD binding to serotonergic receptors (5-HT 1A-D and 5-HT 2 subtypes) is based upon methods previously used by us in the developing human brainstem (9) . Unfixed, slide mounted 20-micron sections of the brainstem were preincubated in 300 mM Tris-maleate buffer (pH 7.4) for 30 minutes at room temperature. For determination of total binding, sections were incubated with 5nM 3 H-LSD (New England Nuclear) in 300 mM Tris-maleate buffer (pH ϭ 7.4) with 0.1% ascorbic acid for 60 minutes at room temperature. For determination of nonspecific binding, adjacent sections were incubated with 100 M serotonin added to the buffer for 60 minutes at room temperature. After washing and drying, the sections were placed in cassettes and exposed to 3 H-sensitive film (LKB Ultrofilm-3 H) for 8 weeks. Each cassette contained 3 H standards (Amersham) for conversion of optical density of silver grains in autoradiograms to specific activities of tissue-bound ligand in femtomoles/milligram of tissue (fmol/mg). The defined brainstem levels at which the analysis was performed and the nuclei selected for analysis have been previously described in detail (10, 11) . Among the 19 chosen nuclei, some were related and some were unrelated to arousal, sleep, and cardiorespiratory control. Quantitative densitometry of autoradiograms was performed using a MCID imaging system (Imaging Research Inc., Ontario, Canada). Optical density measured in the autoradiogram was converted to specific activities of tissue-bound ligand (in fmole/mg tissue) using 3 H-standards. Receptor binding density was determined in each brainstem nucleus by digitizing the boundaries of the nucleus upon the image of the autoradiogram displayed on the computer monitor, with reference as needed to the tissue sections which generated the autoradiograms stained with hematoxylin and eosin and to human brainstem atlases (10, 11) .
Statistical Analysis of
3H -LSD Binding to Serotonergic Receptors
Analysis of covariance (ANCOVA) was used to examine differences in serotonergic binding by diagnosis, adjusted for the postconceptional age (the covariate) (12) . The binding values were not normally distributed, so the square root of each value was taken in order to obtain normality and meet the distributional assumptions of the analysis of covariance (13) . The pvalues reported were obtained from analysis on the square root transformed data. Postmortem interval was not used as an additional covariate because it did not differ significantly by diagnosis, and it was not significantly correlated with changes in binding, a crude analysis without accounting for age was not appropriate. The correlation between the density of serotonergic, kainate, and muscarinic binding was assessed using the Spearman correlation coefficient.
RESULTS
Clinicopathologic Database
Brainstems from a total of 84 cases were analyzed: 52 SIDS victims; 15 acute controls; and 17 chronic control cases with a history of an oxygenation disorder (see Materials and Methods for case classification). The data set analyzed for this report is the same one used to measure muscarinic cholinergic (3), kainate (4), opioid (14) , and nicotinic (15) binding; the cases were collected between 1985 and 1995, primarily in a time period before the national risk reduction campaign. The mean (Ϯ standard deviation) postconceptional age (weeks) for the SIDS group was 51 Ϯ 7; acute controls, 56 Ϯ 10, and chronic cases, 42 Ϯ 5 (3 group p-value ϭ 0.0001). The mean postmortem intervals Ϯ standard error of the mean were SIDS, 14 Ϯ 7 hours; acute controls, 12 Ϯ 7 hours; and chronic cases, 11 Ϯ 7 hours (p ϭ N.S.). Comparison of the SIDS and acute control groups showed no significant differences between mean gestational age, birth weight, and Apgar scores, or between rates of complications of pregnancy, labor, or postnatal course, oxygen use in the delivery room, maternal cigarette smoking during pregnancy, history of a life-threatening event, or cerebral edema. All of the SIDS deaths (100%) were temporally associated with sleep, compared with 73% of the acute group (p ϭ 0.002). Intrathoracic petechiae were found in 98% of the SIDS group, compared with 73% of the acute group (p ϭ 0.008). There was also a significant difference in sleeping position, with 84% of the SIDS infants sleeping prone compared with 33% of the acute group (p ϭ 0.02); however, data regarding sleep position were not recorded in the charts for 39% (20/52) of the SIDS group, and for 60% (9/15) of the acute group. We analyzed mean serotonergic binding in 19 brainstem nuclei (Fig. 1) . Of the 19 regions analyzed, serotonergic binding was lower in the arcuate nucleus ( Fig.  2A ; Table 1A ), n. raphé obscurus ( Fig. 2B ; Table 1A) , principal inferior olive (Table 1A) , and nucleus paragigantocellularis lateralis (Table 1A) in the SIDS victims compared with age-adjusted acute controls. There was no difference between the SIDS and control cases in ageadjusted mean binding in dorsal medullary nuclei (hypoglossal nucleus, nucleus of the solitary tract, and dorsal motor nucleus of X), other cerebellar relay nuclei (griseum pontis), or in the rostral raphé complex (n. raphé dorsalis and median raphé) (Table 1A ). In 9 nuclei we observed a statistically significant interaction between age and case status (SIDS vs acute control) (i.e. binding in the SIDS group decreased with age at a higher rate than did binding in the acute group). However, the mean postconceptional age between the SIDS and acute group did not differ significantly (p ϭ 0.081). Therefore, for these nuclei mean binding levels of the SIDS and acute groups were compared without adjustment for age. The H-LSD binding to serotonergic receptors in the arcuate nucleus for SIDS cases ( ), acute controls (⅜), and chronic cases (᭝) by postconceptional age. Each symbol represents 1 case. The age-adjusted mean binding level of the SIDS group is significantly lower than that of the acute or chronic control groups (3 group p-value, 0.0001); the 2 control groups have similar mean binding. B: Scatterplot of raw data and estimated regression lines in the n. raphé obscurus. The age-adjusted mean binding level of the SIDS group is significantly lower than that of the acute or chronic cases (3 group p-value, 0.0001); the 2 control groups have similar mean binding. chronic cases were excluded from this analysis since their mean postconceptional age was significantly lower than that of the SIDS and the acute control groups. There was a significant decrease in serotonergic binding in 2 of the nuclei: the intermediate reticular zone and nucleus gigantocellularis in the SIDS victims compared with acute controls (Table 1B) . Of note, there was no difference in muscarinic (3), nicotinic (15) , opioid (14) , or kainate (4) binding between the SIDS and control cases in the inferior olive, n. paragigantocellularis lateralis, n. gigantocellularis, and n. raphé obscurus (kainate binding only measured), all nuclei with decreased serotonergic binding in the SIDS cases in this study. The muscarinic and kainate binding in the arcuate nucleus correlated with each other in the SIDS victims (4); neither correlated, however, with serotonergic binding. In the same SIDS victims, low serotonergic binding in the arcuate nucleus and n. raphé obscurus was marginally correlated (correlation coefficient ϭ 0.279, p ϭ 0.070).
DISCUSSION
We found that not only was serotonergic binding significantly lowered in the arcuate nucleus and n. raphé obscurus in the SIDS victims compared with controls, as hypothesized, but binding was also significantly lower in other medullary regions that contain serotonergic cell bodies, including the n. paragigantocellularis lateralis, n. gigantocellularis, and intermediate reticular zone (16) (17) (18) . Moreover, the arcuate nucleus, n. raphé obscurus, inferior olive, and n. paragigantocellularis lateralis all derive from the same embryonic anlage, the rhombic lip at the pontomedullary junction of the embryo (19) (20) (21) (22) . These findings expand and refine previous observations that SIDS victims have isolated abnormalities of the ventral medullary surface (2-4), and suggest that a larger neuronal network is involved, one that shares a common neurotransmitter (serotonin), embryonic anlage (rhombic lip), and/or automatic functional domains (arousal, autonomic activity, respiration, thermoregulation, chemoreception, and upper airway control).
We suggest that neurotransmitter receptor binding deficits in the arcuate nucleus of at least some SIDS victims underlie a failure of protective arousal responses to asphyxia or hypercapnia during sleep, especially complicating the prone or face-covered supine sleeping position. The lower binding in SIDS victims to 3 different neurotransmitter receptor classes (muscarinic, kainate, and serotonergic) in the arcuate nucleus suggests an overall decrease in neuronal number, either from a primary failure of neuronal proliferation, migration, and/or differentiation during formation of the arcuate nucleus during gestation, or from a secondary loss of neurons during preand/or postnatal life. Reports of decreased volume (2, 6) without accompanying gliosis (scarring) of the arcuate nucleus in SIDS subgroups support the idea of a developmental, rather than degenerative, disorder. The finding of decreased serotonergic receptor binding in the n. raphé obscurus in SIDS victims suggests that serotonin and the caudal raphé complex (composed of the n. raphé obscurus, n. raphé pallidus, and n. raphé magnus) may be involved in the pathogenesis of some cases of sudden infant death, and provides a new lead in deciphering potential brainstem mechanisms in SIDS.
Serotonin and the caudal raphé are important modulators of arousal, ventilation, chemoreception, autonomic function, upper airway reflexes, and thermoregulation # Age-adjusted means in the n. paragigantocellularis lateralis are based on a submodel that excludes the chronic group, due to a significant interaction between group and age (serotonergic binding in this nucleus for the chronic control group in this nucleus decreased with age at a greater rate than in the SIDS and acute groups). The p-value shown compares the SIDS versus acute groups.
Abbreviations: SEM, standard error of the mean; n., nucleus. The means given are raw means (not age-adjusted) because of a significant interaction between group and age in these nuclei (serotonergic binding in the SIDS group decreased at a greater rate than in the acute group). Because the distributions of postconceptional age for the SIDS and acute control groups were not significantly different, age adjustment was not required. The p-value shown is based upon analysis of the SIDS and acute group raw means using the Wilcoxon test. Chronic cases were excluded from this comparison because of their statistically significant younger age. Abbreviations: SEM, standard error of the mean; n., nucleus; IPN, interpeduncular nucleus. (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) , although their full roles are not completely understood. While 5-HT has been implicated in these multiple homeostatic functions and may affect each physiological process specifically, a more general role for 5-HT is postulated; that is, 5-HT modulates information processing throughout the CNS as a function of the arousal state (37) . Studies of the firing rate of 5-HT neurons in rostral and caudal raphé nuclei across the sleep/wake cycle implicate this general role (38) . During quiet waking, 5-HT neurons demonstrate a slow, clock-like activity; this activity declines when the animal becomes drowsy and enters NREM sleep; during REM sleep, 5-HT neuronal activity becomes completely silent, yet in response to certain types of arousing stimuli, it again increases (37) . The rostral and caudal raphé are distinctly separate, not only anatomically but also developmentally (39): the rostral raphé develops from the basal plate, whereas the caudal raphé develops, at least in part, from the rhombic lip. In the SIDS study reported here, differences in 3 H-LSD binding to serotonergic receptors between the SIDS and controls occurred only in the caudal, and not rostral, raphé.
In animals, the medullary raphé nuclei are heavily interconnected with cardiorespiratory nuclei: efferents project to the dorsal and ventral respiratory groups, hypoglossal nucleus, phrenic nucleus, and intermediolateral column (30, 31, (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) . In addition, 5-HT receptors localize to the raphé and other cardiorespiratory-related nuclei, including, as demonstrated by us, in the human infant brainstem (9) . In newborn and adult rats using c-fos gene expression, subpopulations within the caudal raphé complex respond to carbon dioxide (23) , and medullary midline neurons are required for full expression of ventilatory responses to hypercapnia (24) . When activated by microinjections of acetazolamide, these midline neurons induce an increase in ventilatory output (25, 26) . Changes in serotonin metabolism may elicit obstructive apnea in the newborn rat (27) . Carbon dioxide-responsive serotonergic cells provide tonic facilatory support to respiratory motoneuronal (hypoglossal and spinal) groups, and the respiratory motor output response to carbon dioxide is physiologically depressed in sleep, especially REM sleep (32) , due to the inhibition of raphé activity during sleep. The application of a 5-HT1A agonist to the ventral medullary surface in cats produces a dose-related increase in respiratory rate (51, 52) . Animal studies also report predominately sympathoexcitatory effects upon stimulation of the caudal raphé complex (33, 34) . In certain species, this region plays a critical role in initiating sympathoinhibition accompanying shock (33, 53) . The caudal raphé, particularly the n. raphé magnus, is important in thermoregulation, in part via sympathetic interconnections with the hypothalamus and intermediolateral column (35) . Moreover, the decrease in the activity of the n. raphé magnus associated with sleep is postulated to play a role in lowering body temperature during sleep.
The putative serotonergic network involved in SIDS is comprised of human medullary cell populations demonstrated by us (18) and/or by others (16, 17) to contain serotonergic cell bodies, for example, n. raphé obscurus, n. paragigantocellularis lateralis, n. gigantocellularis, intermediate reticular zone, and arcuate nucleus. We are using the term ''network'' to refer to the functional, neurochemical, and developmental inter-relationships among neuronal regions, which include those with altered 3 H-LSD binding in our data set. We define the serotonergic network as a group of inter-related neurons in the medulla that 1) are restricted primarily to the ventrolateral, ventromedial, and ventral locations; 2) share the same neurotransmitter, i.e. serotonin; 3) influence homeostatic functions across the sleep/wake cycle; and 4) are potentially derived, at least in part, from a common embryonic anlage, the rhombic lip. Each of the components in this medullary network have been implicated individually in homeostatic functions, e.g. the caudal raphé in autonomic activity, respiration, thermoregulation, arousal, and chemoreception (see above); the n. paragigantocellularis lateralis in cardiorespiration and arousal (the latter via projections to the locus coeruleus, the source neurons of the noradrenergic ascending arousal system, the n. gigantocellularis in respiration (54), the intermediate reticular zone in autoresuscitation (55) , and the arcuate nucleus in chemoreception (2, 5, 54) . The question arises, could the inferior olive be linked to the 5-HT ventral medullary network, although it does not contain serotonergic cell bodies? In this regard, a fraction of the medullary raphé and 5-HT neurons that project to the cerebellar nuclei and cortex in the rat also provide serotonergic innervation to the inferior olive, an observation consistent with our finding of 3 H-LSD binding in the infant inferior olive (9) . The source of serotonergic projections to the inferior olive in the rat are located in the medullary raphé and their lateral extensions (e.g. n. paragigantocellularis lateralis), and overlap with those projecting to the cerebellum (55) (56) (57) . The classification of their identity as simultaneous contributors to the serotonergic innervation of the inferior olive and cerebellum is interesting in view of the role of serotonin as an enhancer of the firing rate and synchronization of the oscillary activity of groups of olivocerebellar projection neurons and of groups of Purkinje cells, resulting in improved timing of motor sequences in movement coordination (58) . Because of the inferior olive's precerebellar connections, abnormalities within it, as suggested by us in SIDS victims (i.e. lowered 3H -LSD binding), may lead to dysmetric coordination of ventilatory skeletal muscle (diaphragm and thoracic accessory muscles) and of airway patency. Of note, the arcuate nucleus has traditionally been likewise considered a precerebellar relay nucleus (59, 60), although we were unable to demonstrate a cerebellar connection in DiI labeling studies in human midgestational fetuses (7), a possible consequence of incomplete development by that age. As extensively reviewed by us, the arcuate nucleus may link an autonomic/chemosensory/arousal integration zone of the ventral medulla to the cerebellar servomechanism, an idea consistent with extensive data that implicate the cerebellum in autonomic and respiratory control (61) (62) (63) .
In conclusion, given the differential firing of caudal raphé neurons across sleep/wake states, and the interconnections of the serotonergic network with cell populations directly involved in homeostatic control (e.g. the nucleus of the solitary tract, phrenic nucleus, intermediolateral column, locus coeruleus, and cerebellum), we hypothesize that this medullary serotonergic network integrates vital functions in a state-dependent manner. A neurochemical imbalance in this serotonergic network (as reflected in decreased serotonergic binding reported here in SIDS victims in the n. raphé obscurus, arcuate nucleus, n. paragigantocellularis lateralis, n. gigantocellularis, intermediate reticular zone, and inferior olive) could make an infant vulnerable to sudden death during sleep as he/ she passes through a critical developmental period in homeostatic control and is stressed by hypoxia, asphyxia, or hypercapnia (triple risk model [64] rather, a refinement and expansion of it, a fitting response to the unfolding (and now complete) data acquired in our original set of SIDS and control brainstems. This study suggests a need for in-depth investigation of the serotonergic/caudal raphé/rhombic lip system, including the arcuate nucleus, in a different data set of SIDS victims and controls.
